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Abstract
Neuronal morphology is established during development but can subsequently be mod-
ified by synaptic activity, a process known as structural plasticity. Postsynaptic com-
partments, such as dendritic spines or the postsynaptic membrane of the Drosophila
neuromuscular junction (NMJ) (called the subsynaptic reticulum or SSR), are highly dy-
namic elements that grow during development, and that are subject to this type of plas-
ticity. While it is known that the shape of postsynaptic structures is tightly coupled
to synaptic function, the factors that govern the morphology and its relationship with
functional plasticity are still elusive. Ral GTPase has been shown to regulate the ex-
pansion of postsynaptic membranes during development and in response to synaptic
activity via the Exocyst, an octameric tethering complex conserved from yeast to hu-
man. Postsynaptic activation of Ral at the Drosophila NMJ induces Exocyst recruitment
to the synapse, resulting inmembrane addition and SSR growth. However, how this type
of remodeling is actually achieved, remains to be determined. Given the known role of
Rab GTPases in polarized delivery of vesicles, we expect that a subset of these will be
required for Exocyst-dependent SSR growth. Here, by systematically evaluating the lo-
calization of the Exocyst subunit Sec5 after postsynaptic activation of each Rab GTPase,
we concluded that no single Rab is able to induce Sec5 recruitment to the NMJ to same
extent as Ral GTPase. This result may indicate that activation of Ral at the Drosophila
NMJ is necessary to initiate the signaling cascade that controls SSR size. In addition,
we describe the cellular distribution of postsynaptic active Rab GTPases, and identify
putative candidates whose distribution and relationship with the Exocyst may indicate
a Rab/Exocyst-dependent role in muscle and/or postsynaptic development. Altogether,
this study contributes to untangle the vesicle trafficking pathway(s) that regulate SSR
growth at the Drosophila NMJ.
Introduction
The correct wiring of the nervous system is required for functions such as learning and
memory, locomotion, or perception. Regulation of neuronal morphology is critical for
function and, to achieve the correct structure, constant and orchestrated intracellular
trafficking is required [1]. The Ral/Exocyst pathway has been shown to be necessary for
postsynaptic development and activity-dependent membrane growth at the Drosophila
NMJ [2] [3], but how growth is achieved remains elusive. Central to the mechanism
of synaptic plasticity discussed above, is the activation of the Exocyst complex. The
Exocyst is an effector to many GTPases, including Ral and Rab GTPases. Rab GTPases
are a class of proteins that confer membrane identity to intracellular compartments, and
that are capable of coordinating and organizing downstream effectors [4] [5]. Similarly,
the Exocyst complex is a tethering complex that, by being able to receive regulatory
information from different pathways, can serve as a hub to precisely regulate where
and when vesicles fuse [6]. Because of this central role in directing trafficking, knowing
the regulation of Rabs and Exocyst will be key to understanding neuronal organization
and plasticity. Dissecting the signaling cascade regulated by Ral activationwill complete
our knowledge on the pathway through which Ral/Exocyst regulate SSR growth.
Objective
Our broad objective is to find new regulators of postsynaptic membrane size. Because
growth requires membrane addition and Rab GTPases and the Exocyst complex are
master regulators of cellular traffic, wewant to uncover which Rab GTPases are required
for postsynaptic membrane growth at the Drosophila NMJ, and whether they colocalize
with the Exocyst. Specifically, our objectives are:
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1. Determine the localization of active Rabs when expressed in the muscle.
2. Test if expression of each active RabCA can induce Exocyst recruitment to the post-
synapse.
3. Establish whether there is colocalization of the Exocyst with each active Rab.
a
Figure Legend
Figure 1. A screen for Sec5 recruitment to the NMJ upon muscle activation of
Rab GTPases.
(A) Expression of Ral GTPase in the constitutively active form in the muscle (MHC-
GS;RalCA) induces Sec5 (grey) recruitment to the NMJ. Neuronal membrane is marked
with anti-HRP (cyan).
(B) Summary table of muscle RabCA expression: analysis of Sec5 recruitment (top row)
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and Rab and Sec5 colocalization (bottom row). Images of the summary table are repre-
sented in panel C. Table key: N-No, Y-Yes, S-Some.
(C) Muscle expression of RabCAs (MHC-GS; UAS-RabCA-YFP). Each row per column
is a representative example of each individual RabCA. We conclude that muscle RabCA
epression does not mimic muscle RalCA (Fig. 1A). RabCA-YFP is labelled with anti-GFP
antibody (green), Sec5 is labelled with anti-Sec5 (magenta) and the neuronal membrane
is marked with anti-HRP (cyan). When localization between RabCA and Sec5 was ob-
served in single sections, a zoomed image is shown in the bottom right corner. Dashed
square shows region of interest. Yellow arrowheads show bright GFP puncta that do not
colocalize with Sec5, indicating that colocalization is not due to channel bleed-through.
Scale Bar 20 mm.
Results & Discussion
The genetic pathway(s) that regulates SSR growth remains poorly understood. Nor-
mally, the Exocyst is ubiquitously distributed, but expression of RalCA in the muscle
induces a strong recruitment of Sec5 to the NMJ (Fig. 1A and 2). To explore the role of
Rab GTPases in postsynaptic development and function, we used the UAS-Gal4 system
to express a collection of constitutively active YFP-tagged Rab GTPases (RabCA) in the
muscle of Drosophila larvae [7]. For this, we used MHC-GeneSwitch-Gal4 (MHC-GS)
and crossed it with each individual RabCA. We labeled each Rab with YFP, the Exocyst
with Sec5 and the motor neuron membrane using HRP. Expression of each active Rab in
the muscle allows the assessment of: 1) localization, 2) induction of Sec5 recruitment to
the NMJ (as a proxy for vesicle delivery to the SSR), and 3) Rab colocalization with the
Exocyst component Sec5. The analysis of these 3 points will contribute to the under-
standing of the distribution of Rab GTPases in the muscle and to assess their putative
interactions with the Exocyst complex. The results obtained are summarized in figure
1B-C.
If a given Rab is involved in SSR growth, one would expect that it localizes to the NMJ
or that it regulates a membrane flow that favors exocytosis and membrane addition at
the NMJ. It has been shown that about 50% of all Rabs are endogenously enriched or
exclusively expressed in neurons, with most being enriched presynaptically, and Rab21
and 23 mostly with postsynaptic expression [8]. In supplement, we show the endoge-
nous distribution of a pre- Rab tagged with YFP in the endogenous promoter (Rab3), to
exemplify pre- versus postsynaptic localization of Rabs (Fig. 1), relative to the neuronal
membrane [9]. Upon postsynaptic expression of Rabs, our data revealed that Rab 4, 8,
9, 19, 21, 23, 27 and 35 are clearly enriched at the NMJ, while Rab1, 5, 11 and 14 show
some NMJ localization, despite less pronounced (Fig. 1C). Some Rabs are enriched at
the perinuclear area (Rab1, 2, 10, 30, 32, X1, X2 and X5) and others are uniformly dis-
tributed throughout the muscle (Fig. 1C). The presence of Rabs at the NMJ suggests
that they may play a role at this specialized postsynaptic membrane. However, whether
they participate in SSR growth or in other processes related to postsynaptic function or
development (namely glutamate receptor endo or exocytosis) cannot be concluded from
this data.
One pathway that has been shown to regulate SSR growth is Ral GTPase via the Exo-
cyst complex. This pathway is required for developmental and activity-dependent SSR
growth, and to promote Sec5 recruitment to the NMJ upon muscle RalCA overexpres-
sion (Fig. 1A). If muscle RalCA induces Sec5 recruitment to the NMJ (Fig. 1A), we
hypothesized that we could screen for Rabs required for SSR growth by expressing each
RabCA in the muscle, and assessing whether this manipulation changes Sec5 distribu-
tion. To our surprise, no single active Rab is able to induce Sec5 recruitment to the NMJ
to the same extent as RalCA (compare Fig. 1A with C). Despite this, we saw a small,
but reproducible recruitment of Sec5 upon activated Rab 1, 8, 9, 14, 21 or 27 expression,
with Rab27 having the strongest effect. This effect was observed in all larvae analyzed.
Interestingly, Rab27 has been shown to be involved in regulated and constitutive se-
cretion pathways, where Rab27 effectors are required for the transport and docking of
vesicles, prior to their secretion to the membrane [10]. In fact, the Myosin Va and Rab27
interacting protein MyRIP, has been shown to bind to the Exocyst complex, establishing
a ternary complex with Rab27 and MyoVa that regulates the transport and targeting of
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secretory granules to the plasma membrane [11]. Given the mechanistic similarities, it
is tempting to speculate that a similar mechanism could operate for Exocyst-dependent
SSR growth (possibly during development and/or in response to activity). Also of in-
terest is the identification of Rab1 as a candidate: Rab1 has been identified in a screen
for dendritic growth of Drosophila sensory neurons [12]. Rab1 is a critical regulator of
ER-Golgi transport via COPII vesicles, being therefore in a key position to regulate the
flux of secretory vesicles that can contribute to SSR growth. Other candidate- Rab8, has
been shown to interact with the Exocyst and RalGTPase in the regulation of membrane
addition during furrow formation by directing vesicles to the place of furrow ingres-
sion [13] [14]. Rab14 is upstream of Rab10 in the regulation of Glut4 to the membrane
[15], a process also dependent on Ral GTPase [16]. In our experiments, we do not see
Sec5 recruitment after Rab10CA expression, but we do see colocalization between Sec5
and Rab10 (Fig. 1). Additionally, Rab10 is also required for membrane secretion dur-
ing organ development [17] and for dendritic growth in C. elegans [18], which raises
the possibility that Rab14, Rab10 and Exocyst could potentially be involved in directing
vesicles to membranes marked by Ral, contributing this way to the regulation of SSR
size. Rab9 and Rab21, even though being present at the NMJ and inducing some Sec5
recruitment, have been related with endocytic processes and are less obviously involved
in SSR growth [19] [20]. In spite of having identified these candidates, it is clear that
no Rab can fully mimic the effects of RalCA. Ral is localized at the plasma membrane
where, when activated, serves to localize the Exocyst and direct secretory vesicles to
the membrane to induce SSR growth [2]. Given the weak phenotypes observed with
RabCA expression, a possible explanation is that Ral is the main– perhaps limiting, fac-
tor present at the plasma membrane and that without activating this small GTPase, it is
not possible to promote the recruitment of Exocyst vesicles to the NMJ, and concomitant
SSR growth.
Finally, we analyzed colocalization between the Rabs and Sec5 as a proxy for common
function. Despite both Rabs and Sec5 having a widespread distribution, the extent of
colocalizing puncta is small. We analyzed colocalization of Sec5 and each Rab, in single
sections, and observed colocalization with Rab5, 7, 10 and 27. These Rabs label respec-
tively, early endosomes, late endosomes/lysosomes, recycling compartments (Rab10),
and Rab27 labeling some specialized secretory vesicles and exosomes. Altogether, in
this study, we establish the localization of active Rabs when expressed in the postsy-
naptic muscle, and identified Rab candidates that may interact with the Exocyst in their
active state, suggesting that they may be functionally related. We also concluded that
activation of Rabs in the muscle is not sufficient to promote Sec5 recruitment to the
NMJ, akin to what occurs with Ral.
Conclusions
Activation of Ral GTPase leads to Exocyst recruitment to the NMJ and SSR growth [2]
[3]. Here, we report that no single active Rab is able to recruit the Exocyst to the NMJ
to the same extent as Ral. Albeit not as strong, we found that Rab1, 8, 9, 14 and 27
may contribute to Ral/Exocyst-dependent SSR growth, but additional studies will be
required to assess this contribution. In addition, we show that active Rab5, 7, 10 and
27 colocalize with the Exocyst component Sec5, suggesting that they may play some
function in this tissue (muscle/NMJ). We suggest that Ral likely functions at the NMJ as
a master regulator of SSR growth, whose activation is necessary for Exocyst-dependent
trafficking of secretory vesicles.
Limitations
Overexpression of GTP-locked Rab GTPases prevents the cycling between GDP and
GTP potentially leading to altered function. This requirement to cycle could also ex-
plain why no RabCA is able to recruit Sec5 as RalCA does. However, given that Ral
is also a GTPase from the same superfamily, this problem should also affect Ral: but
this issue remains a formal possibility. In addition, this approach can result in the mis-
targeting of RabCA to membranes that are not in their normal place of action. While
these issues are potential problems, this type of strategy has successfully been used in
the past, and is informative. Furthermore, we have no indication of gross abnormalities
upon RabCA over-expression in the muscle. We were able to identify candidates, which
can now be further studied. Another limitation of this study is that it is mostly qualita-
tive, preventing the identification of subtle effects induced by RabCA over-expression.
A deeper analysis can be done if each Rab is studied in detail.
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